Abstract
Introduction

35
One of the main priorities of the EU growth strategy (Europa 2020) is sustainability, which forms the 36 basis of a low-carbon economy [1] . A low-carbon economy is achieved through reductions in 37 greenhouse gas emissions and increases in both renewable energy sources and energy efficiency. The hierarchy is the prevention of waste streams. If this is not possible, the next step down the hierarchy is 42 the preparation of waste for re-use, followed by recycling and other recovery (e.g., energy recovery), 43 and finally, if none of the initial 4 steps are feasible, waste should be disposed of by ecologically 44 beneficial methods.
45
The forest and power industries produce large amounts of fly ash (FA) every year in Europe. A 46 large part of this ash ends up at waste disposal sites, even though it could be productively utilized.
47
Changes to the legislation, the Europa 2020 growth strategy, and the EU circular economy strategy 
56
In Finland, to prevent dust problems, FA has to be granulated before application on fields or 57 forests. Granulation is known to be a significantly more cost-effective alternative for ash recycling 58 compared with unprocessed FA mainly due to improved logistics [7] . Co-granulation of FA with some 59 nitrogen containing material such as hygienized sewage sludge could produce new fertilizer products to 60 nitrogen poor soils [8] .
61
The EU environmental legislation typically requires that the pseudo-total concentrations (i.e.
62
acid-leachable metals that are not part of silicate matrix) and/or water-soluble concentrations of the 63 harmful elements be studied from waste and residue materials [9] [10] [11] [12] . This does not give an accurate 64 representation of the environmental risks associated with the utilization or disposal of these materials.
65
From an environmental point of view, of utmost importance is not the total concentration in wastes and 66 other residues, but rather the ease with which the metals can be mobilized into the environment and 
76
In the sequential leaching procedure, various types of increasingly severe chemical reagents are 77 applied to the sample; this procedure divides the total extractable metal concentration into fractions in 78 order to assess the bioavailability and the form in which the metals occur in a waste material.
79
Therefore, compared to the pseudo-total concentrations, the sum of the fractions can give a more In this study, the effect of granulation and ammonium sulfate addition on the solubility and 84 bioavailability of nutrients and heavy metals from peat and wood co-combustion FA was studied using The FA used in this study was from a 96-MW thermal power plant situated in Rovaniemi, Northern 
99
The compositions and sample names of the FA granules used in this study are presented in Table   100 1. For each granule type, a few kilograms were produced. Granule FAGR1 contained only FA and 101 water, whereas granule FAGR2 also contained ammonium sulfate solution. While agitating the FA 102 using a ribbon blade agitator, water (and ammonium sulfate solution) was slowly added to the FA until 103 small aggregates started to form in the paste. The pastes were granulated using a simple pan granulator.
104
A very strong odor of ammonia was observed during FAGR2 granulation. The granules were cured in a
105
hot air oven at 50 ± 2 °C for 24 h and stored at room temperature (21 °C). The pseudo-total contents of nutrients Ca, K, Mg, P, and S are presented in Table 3 . FA and the 169 granules FAGR1 and FAGR2 contained plenty of Ca and a lesser degree of the other nutrients. ) and added S (6.2 g • kg -1 ) contents.
182
The total bioavailability (∑Fi) and the amounts of easily bioavailable (F1 + F2) nutrients Ca, K, Mg, P,
183
and S are presented in Table 4 . The results show that granulation had a significant effect on the 184 recoveries of the easily bioavailable Ca (67.9 %), K (47.5 %), Mg (46.7 %), P (34.1 %), and S (59.0 %) 185 from FAGR1 (Table 4 ). In practice, this means that the quick-acting fertilizer effect of granulated ash
186
FAGR1 is smaller than that of the FA. In addition, the total bioavailability recoveries of Ca (74.1 %), K
187
(83.6 %), Mg (54.3 %), and S (59.9 %) decreased after granulation. However, the total bioavailability granulation. This means that these elements also form other, more stable, phases during self-hardening. compressive strength of self-hardened FA. It is therefore most likely that these types of FA also form 225 some stable silicate compounds, which would explain the reduced solubility to aqua regia.
226
A very strong odor of ammonia was observed during FAGR2 granulation as ammonium sulfate Calcium sulfate (CaSO4) and ammonia (NH3) gas are formed in the reaction. In practice, ammonium 233 cannot be added to ash granules this way owing to the reaction with hydroxides and there could even be 234 potential health risks due to the release of ammonia gas. The increase in the pseudo-total content of Ca 235 was higher than the expected increase due to ammonium sulfate addition. It is therefore likely that 236 ammonium sulfate addition hinders some Ca reactions, which causes the increase in the solubility of The pseudo-total contents of the harmful metals As, Cd, Cr, Cu, Ni, Pb and Zn are presented in Table   248 5. The pseudo-total contents of all the harmful metals were small and they were clearly below the limit 
258
Sequential leaching results of harmful metals As, Cd, Cr, Cu, Ni, Pb, and Zn are presented in Table 6 .
259
The amounts of water-soluble fraction F1 were mostly below the determination limits, and the total 260 bioavailabilities were small. Therefore, a comparison between FA and granules FAGR1 and FAGR2 is 261 not meaningful. However, the total bioavailability recoveries of Zn (58.2 %) and Cr (82.9 %) from the 262 FAGR1 decreased owing to granulation. The recoveries of both Zn (115 %) and Cr (102 %) increased 263 after ammonium sulfate addition to FAGR2. When the pseudo-total contents (Table 5 ) and sequential 264 leaching data (Table 6 ) are compared, it is found that most of the harmful metals dissolve only with 265 aqua regia digestion, and therefore, the aqua regia digestion is a poor estimate of the bioavailability of 266 14 these metals. In practice, the total bioavailability of these metals is very low, and this does not limit the 267 usability of FA as a fertilizer in agriculture or forestry. same levels as those in FA, and the recoveries of S are increased owing to the increased sulfate content.
284
The sequential leaching results indicate that the total bioavailability of the harmful elements As, Cd,
285
Cr, Cu, Ni, Pb, and Zn is very low, and this does not limit the usability of FA as a fertilizer in 286 agriculture or forestry. 
